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Abstract The increasing numbers of invasive spe-
cies have stimulated the study of the underlying
causes promoting the establishment and spread of
exotic species. We tracked the spread of the highly
invasive Argentine ant (Linepithema humile) along an
environmental and habitat gradient on the northeast-
ern Iberian Peninsula to determine the role of
climatic, habitat and biotic variables on the rate of
spread, and examine impact on native ant communi-
ties. We found the species well-established within
natural environments. The mean annual rate of spread
of the invasion (7.94 ± 2.99 m/year) was relatively
low compared to other studies, suggesting that
resistance posed by native ants in natural environ-
ments with no or low human disturbance might delay
(although not prevent) the spread of the invasion
irrespectively of the land-use type. Factors related to
the distance to urban areas and characteristics of
native and introduced populations explained the rate
of spread of the invasion, while habitat-related
variables determined the distribution of native ants
and the impact of the Argentine ant on them. Native
ant communities became more homogeneous follow-
ing the invasion due to the decline of species richness
and abundance. Only few species (Plagiolepis pyg-
maea and Temnothorax spp.) were able to cope with
the spread of the invasion, and were possibly favored
by the local extinction of other ant species. Taken
together, our results indicate that land uses per se do
not directly affect the spread of L. humile, but
influence its invasive success by molding the config-
uration of native ant communities and the abiotic
suitability of the site.
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The mechanisms and processes facilitating the move-
ment of exotic species have received considerable
attention in the literature (Wilson et al. 2009), partly
because of the increasing number and impact of
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introduced species globally. Long-distance dispersal
mediated by humans is thought to be responsible for
the introduction of species into new biogeographic
regions, which were previously inaccessible through
natural dispersal (Mack and Lonsdale 2001). The
successful establishment and spread of these exotic
species depends, however, on both the characteristics
of the species (invasiveness) and recipient environ-
ment (invasibility; Richardson and Pysek 2006).
Introduced species have to tolerate the abiotic
conditions of the new environment and overcome
the resistance posed by native biota. These species
will be considered invasive once they have been able
to establish, reproduce and spread without human
assistance. It is at this stage that exotic species
become a major cause of concern for the hosting
ecosystem and native communities (Richardson et al.
2000).
The influence of the abiotic environment together
with biotic interactions in determining the spread of
biological invasions has been studied at various
spatial scales (Pauchard and Shea 2006). At global
scales, climatic conditions appear to regulate the
distribution of species, whereas biotic interactions
have a wider influence at local scales (Willis and
Whittaker 2002). Habitat-related variables have been
observed to regulate the occurrence and abundance of
species at local scales (Andren 1994), but few studies
have assessed the role of habitats in relation to
climatic conditions, interactions with native species
and characteristics of introduced populations in
determining the spread of invasive species.
Here we examine the influence of abiotic and
biotic suitability in favoring the spread of invasive
species at local scales, by using the Argentine ant
(Linepithema humile Mayr) as a case study. Several
studies have investigated the influence of climatic
conditions and native ant communities on the spread
by diffusion of the Argentine ant (Carpintero and
Reyes-Lopez 2008; Holway 1998; Human and Gor-
don 1996), but few have explored the influence of
these factors together across a habitat gradient
(Cammell et al. 1996; Way et al. 1997). Previous
investigations suggest that incipient propagules of
Argentine ants establish initially at the edge of urban
areas, and these human-modified environments pro-
mote the growth and establishment of initial popu-
lations (Bolger 2007; Suarez et al. 1998). The species
then spreads through riparian corridors that have the
appropriate levels of humidity for their survival
(Menke et al. 2007; Schilman et al. 2007). Conse-
quently, even though the capacity of the species to
occupy a wide range of natural habitats has been
reported (Suarez et al. 2001), most investigations
have been conducted close to urban areas or in low
scrub vegetation types (de Kock and Giliomee 1989;
Human et al. 1998; Menke et al. 2007).
The aim of this study was to disentangle the roles
of abiotic factors such as habitat and climate, and
biotic factors related to the characteristics of native
ant species and introduced populations in shaping the
spread by diffusion of this highly invasive species at
local scales. We examine changes in the abundance–
occupancy relationship between native and invaded
ant communities across land uses, and study the
spread of L. humile along an environmental gradient.
By doing so, we address the following questions: (1)
which factors determine the rate of spread of the
Argentine ant invasion; and (2) how do native ant
communities respond to Argentine ant invasion.
These answers contribute significantly to our under-
standing of the susceptibility of native communities
and habitats to the invasion, as well as providing a
new perspective to contextualize previous studies on
the spread of the Argentine ant. Furthermore, our
analyses also set up an integrated framework to
understand the role of abiotic and biotic factors, and
particularly habitat-related variables, in driving inva-
sion at local scales.
Methods
Sampling method
We followed the spread of the Argentine ant along a
North–South environmental gradient in the Costa
Brava (NE Iberian Peninsula, Fig. 1). The analysis
was conducted in the major land-use types, including
dry cultivated fields (LDU-df), shrublands (dominated
by Quercus coccifera; LDU-sh), poplar plantations
(Populus nigra; LDU-pp), pine forests (Pinus halep-
ensis; LDU-pf), and cork oak forests (Quercus suber;
LDU-cf). For each land use, we selected three to five
sites that were already undergoing active invasive
spreading and set up transects (separated by 20 m)
perpendicular to the front. The number of transects
per site (between three and eight) and their length
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(124.5 ± 37.8 m; mean ± SE) varied depending on
the extent and topographic constraints of the sites.
Marmalade baits were placed along transects at
intervals of 3.5 m, which were visited two hours
later for recording the identity and abundance of ants
species at the bait level (abundance scale from 1 to 5,
with 0 indicating absence; 1 = 1–5 workers, 2 = 6–
25 workers, 3 = 25–100 workers, 4 = 100–1,000
workers, 5 C 1,000 workers).
We surveyed a total of 85 transects from 18 sites,
but only included 54 transects from 14 sites in the
analysis (Fig. 1). Some transects were excluded
because they were completely invaded (i.e. site 10)
or the disturbance regime limited the distribution of
ant species (i.e. dry cultivated fields from sites 15, 16
and 17 were ploughed intensely, and ants were
limited to the edge of the fields). The analyses related
to dry cultivated fields were only based on eight
transects from one site (i.e. site 18), where human
disturbance was low enough to allow ant communi-
ties to establish. As a result, the final 54 transects
represented a gradient of natural habitats with various
degrees of human disturbance.
Even though ground bait transects present some
limitations in characterizing the diversity and abun-
dance of ant communities in comparison with other
methods (e.g. pitfall traps), their easy installation and
monitoring allowed us to sample a wide range of
environmental conditions and characterize introduced
populations (Alder and Silverman 2004; Casellas
et al. 2009). We identified the limit of the invasion
front in 2005 by using the first bait occupied by
Argentine ants, and measured the annual spread by
diffusion of the invasion by repeating the procedure
in 2006. In case the Argentine ant occupied the whole
transect in 2006, extra baits were added along the
invading direction until no Argentine ants were
recorded. Because this 1-year field sampling might
mask fluctuations in the spread of the invasion due to
changes in environmental conditions and seasonal
population dynamics (Heller and Gordon 2006),
fluctuations were minimized by restricting the sam-
pling to the highest period of activity of the Argentine
ant (i.e. June to August, from 6 to 11 h or from 16 to
22 h; Abril et al. 2007). There were no significant
differences in the mean temperature and precipitation
between the 2005 and 2006 sampling periods for any
of the 20 weather stations located in the Costa Brava
(being P = 0.067 for the lowest value of all Kruskal–
Wallis Tests; SMC 2006), and thus we assumed that
the Argentine ant and native communities had the
same seasonal momentum in both years.
Because transects did not always have the same
number of baits in both uninvaded and invaded areas,
for the analyses we limited the number of baits in
each area to the minimum number of baits present in
any of the two areas. For example, if one transect had
20 baits in the uninvaded area and 25 baits in the
invaded area, we excluded the five invaded area baits
which were most distant from the invasion front. The
final number of utilized baits in uninvaded and
invaded areas was 1,329 each, with 191 baits in cork
oak forests, 577 in pine forests, 147 in poplar
plantations, 261 in shrublands and 153 in dry
cultivated fields. This manipulation was necessary
to derive reliable estimates of the influence of factors
determining the spread of the invasion and also assess
changes in native ant communities, as described in
the next sections.
Factors determining the rate of spread of the
Argentine ant invasion
We related the annual rate of spread by diffusion
(ARS; measured in m/year) of the Argentine ant at the
Fig. 1 Location of the Costa Brava in relation to the Iberian
Peninsula (SW Europe), and of the 18 study sites used to
measure the rate of spread of the Argentine ant. Different site
symbols correspond to different land uses. See Table S2 for the
names of the different sites, and the number of transects set in
place
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transect level to different biotic and abiotic variables
to identify the most influential factors (Table S1). In
addition to land uses (LDU), we included two habitat-
related variables in the analysis: distance to urban
areas (DTU; m) and distance to the sea (DTS; m) that
are known to influence the spread of the species
(Carpintero et al. 2004; Espadaler and Gómez 2003).
Data from climatic atlases were also used to charac-
terize the study sites according to: minimum winter
temperature (MWT; tenth of C), annual precipitation
(APR; tenth of mm) and annual solar radiation (ASR;
10 kJ/m2 9 day; Ninyerola et al. 2000). MWT was
obtained by calculating the mean minimum temper-
atures of winter months (December to March), when
the species has the lowest foraging activity and
aggregates to form winter colonies (Abril et al. 2007;
Carpintero et al. 2007; Heller and Gordon 2006).
Because distance to the sea and climatic variables
were highly correlated (r [ 0.5), we conducted a
principal components analysis to summarize the
variation of the original variables and used the first
component (abbreviated as CLI) as surrogate of
climatic variables using STATISTICA 6.1 (StatSoft
Inc.). This first component explained 78% of the
variation, and described a gradient going from wet
and temperate areas to dry and cold areas (Spear-
man’s correlations of 0.921 for DTS, -0.962 for
MWT, 0.917 for APP, and 0.717 for ASR). These
habitat and climate-related variables were calculated
at the site level due to the characteristics of the
sampling design and the resolution of digital climatic
layers.
The variables describing the introduced popula-
tions and native communities were, on the contrary,
measured at the transect level. For variables based on
abundance information, the categories recorded dur-
ing the field work were converted to number of
workers considering: 0 = 0 workers, 1 = 1 workers,
2 = 10 workers, 3 = 100 workers, and 4–5 = 1,000
workers. The two variables chosen to represent the
characteristics of introduced populations were: the
mean density of workers in the invaded area in 2005
(DEN) and the difference in the aggregation of
Argentine ants (DIA). Density of individuals has been
widely applied as an indicator of the propagule
pressure (Lockwood et al. 2005), and it was calcu-
lated as the mean number of workers (log-trans-
formed to improve normality) present in the invaded
area of each transect. Difference in aggregation has
otherwise rarely been used in biological invasions.
Wilson et al. (2004) showed that species aggregation
patterns are sensitive predictors of species range
expansions and retractions, with expanding species
showing stronger aggregated structure (Johnson
1998). Here, we measured the aggregation using the











where n is the number of samples (baits in invaded
area), l and r2 the mean and the variance of the
number of workers in the baits present in the invaded
area of each transect. IM measures the relative
likelihood of two randomly selected individuals
being from the same sample (bait) compared with
the situation that the population is randomly distrib-
uted. Thus, a high IM indicates a high variance of the
number of workers in the baits, and suggests that
individuals tend to cluster together in space. The
Morisita Index is closely related to Lloyd’s crowding
index (IL = (n - 1)/(n 9 IM)), and is a robust spa-
tially implicit measurement of the arrangement of the
individuals composing a population (Hurlbert 1990).
Difference in aggregation was therefore measured as
the difference in the Morisita Index between 2006
and 2005 for Argentine ants in the invaded area of
each transect (DIA = IM(2006) - IM(2005)), and this
difference is expected to be higher in transects
showing a fast rate of spread than in transects where
the advance of the invasion is slow.
To explore the influence of biotic interactions with
native ants, we also included five measurements
related to the assemblage of native ant communities.
We first selected the mean density of all workers
(log-transformed) in the uninvaded area of each
transect (MDN) as a general descriptor of the
abundance of the native ants. Second, ant diversity






where S is the species richness and pi the proportion
of workers from each species i relative to the total
number of workers present in the uninvaded area of
each transect. SEI includes information on species
richness and relative abundance of each species and
ranges between 0 and 1, with 1 indicating complete
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evenness of species abundance. Another important
measure of ants’ assemblage is the species turnover
(i.e. beta diversity, see Gotelli and McCabe 2002; Hui
and McGeoch 2008). We used the Jaccard index
(bJ = number of shared species/total number of
species) to measure the spatial and temporal turnover
rate of native species (Koleff et al. 2003; Lennon
et al. 2001). The spatial turnover (STO) refers to the
species turnover between uninvaded and invaded
areas in each transect in 2005, and the temporal
turnover (TTO) refers to the species turnover between
uninvaded areas in each transect in 2005 and 2006.
A linear mixed model was used to analyze the
relationship between the annual rate of spread (ARS)
and the 9 biotic and abiotic variables (Table S1) at the
transect level, considering sites (14 levels) as random
factors. Since the distribution of the response variable
(ARS) is not significantly different from normal
(Shapiro–Wilk Test, P = 0.29), we used a normal
distribution to model the error structure of the data
and assumed an identity link function. The parame-
ters of the model were fitted by maximum likelihood,
implemented within the nlme package (Pinheiro et al.
2008) for R (R Development Core Team 2008). We
used the best-subsets approach to model building,
examining all 511 possible models and chose the
simplest plausible model with the fewest possible
number of variables based on Akaike Information
Criterion for small samples (AICcl; Burnham and
Anderson 2004; Quinn and Keough 2002). A likeli-
hood ratio test was then used to confirm that the
model selected using AICc explained a significantly
greater amount of variance than simpler models
based on log-likelihood ratio statistics and the
number of parameters in each model. If the P value
did not drop significantly ([0.05) by decreasing one
variable, then we chose the model with fewer
variables (Lindsey 2000).
Response of native ant communities to Argentine
ant invasion
To investigate the response of native ant communities
to the spread of the Argentine ant invasion, we
calculated the species occupancy and abundance at
the site level. Due to differences in the sampling
effort among sites, we could not investigate differ-
ences in ant assemblage among sites at the transect
level. All transects within a site were pooled together.
Species occupancy was calculated from the number
of baits occupied in each site, and species abundance
by summing the total number of workers after
converting the abundance categories to number of
workers as done in the previous analysis. We
compared the occupancy–abundance relationship
(log-transformed) of ant species between uninvaded
and invaded areas across functional groups and land-
use types (Blackburn et al. 2006; Gaston and
Blackburn 2000).
Ant species were assigned to seven functional
groups according to their responses to the environ-
mental stress and disturbance (Brown 2000). The
functional groups considered were: Dominant Doli-
choderinae (DD), composed of abundant, highly
competitive dominant ants; Suboridinate Campono-
tini (SC), with frequently nocturnal foragers and
behaviorally submissive to DD; Hot-climate Special-
ist (HC) and Cold-climate Specialist (CC), which
reside only in arid and cold temperate regions
respectively; Cryptic Species (Cr), composed of
small ants that forage in soil and leaf litter with few
interactions with other ants; Opportunist (Op), com-
posed of weedy species that inhabit areas with high
disturbances and compete poorly with other ants; and
Generalized Myrmiciane (GM), which have general-
ized food resources and nesting requirements (Ander-
sen 1995). Formica species were assigned to
Opportunist instead of Cold-climate Specialists, and
Tapinoma nigerrimum and L. humile were assigned to
Dominant Dolichoderinae because of their behavioral
dominance in Mediterranean habitats (Cerda et al.
1997). The assignation of these functional groups has
proved successful in comparing the responses of ant
communities to different land uses in the same study
region (Gómez et al. 2003).
Furthermore, we examined changes in species
occupancy between uninvaded and invaded areas at
both land-use and species levels by means of a
multidimensional scaling ordination technique. We
measured the Euclidian distances among land uses
using species as point data, and vice versa, to
generate similarity matrices. These were used by
the Guttman-Lingoes non-metric multidimensional
scaling algorithm implemented in STATISTICA 6.1
(StatSoft Inc.) to locate each item in the lowest
dimensional space that minimized the fit measure
called Stress (Schiffman et al. 1981). Finally, we
calculated the beta diversity index to estimate the
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turnover rate in species composition. The beta
diversity index bsim (1 C bsim C 0) is the proportion
of unique species found in each land-use type after
the invasion, with high values indicating high turn-
over rates (Koleff et al. 2003).
Results
Factors determining the rate of spread of the
Argentine ant invasion
The mean annual rate of spread of the Argentine ant
across land uses was 7.94 ± 2.99 m/year (mean ±
SE). The maximum rate occurred in dry cultivated
fields (15.75 ± 6.56 m), followed by cork oak forests
(13.31 ± 4.91 m) and pine forests (12.47 ± 5.13 m).
The spread in poplar plantations (1.26 ± 6.64 m)
was very slow and a slight range retraction was seen
in shrublands (-0.31 ± 7.59 m; Table S2). Despite
these differences, the rate of spread of the Argentine
ant did not differ (ANOVA: F4,51 = 1.18, P = 0.33)
among land uses (Fig. S1).
The linear mixed model explaining the rate of
spread of the Argentine ant selected by the best-
subset approach had three variables (model with the
lowest AICc in Table 1), which included one habitat
variable (distance to urban areas), one variable
related to the structure of ant communities (temporal
turnover in the uninvaded area) and one variable
related to the characteristics of introduced popula-
tions (difference in aggregation). However, the
likelihood ratio test indicated that the most parsimo-
nious model was a 2-variable model consisting of one
habitat variable (distance to urban areas) and one
variable related to the characteristics of introduced
populations (difference in aggregation). The likeli-
hood ratio test of the best 1-variable model dropped
significantly, and thus the 2-variable model was
considered the best model (Table 1). Interestingly,
the best 1-variable model included a variable related
to the characteristics of introduced populations (dif-
ference in aggregation) and excluded the habitat
variable distance to urban areas. Difference in
aggregation was consistently included in all models
(Table 1).
When the relation between the annual rate of spread
and each explanatory variable was analyzed using a
full linear mixed model (i.e. the 9-variable model), the
relationship was significant for only one of the
independent variables: difference in aggregation of
introduced populations (Table 2). This variable was
also considered significant in the univariate analysis
(i.e. the 1-variable models), together with temporal
turnover of native communities. Considering these two
significant variables and distance to urban areas, we
find that difference in aggregation of invaded popula-
tions and distance to urban areas present a positive
effect on the response variable and the variable
refereeing to native ant communities a negative effect.
Table 1 Minimum adequate linear mixed models explaining the rate of spread of the Argentine ant
Model df AICc DAICc logLik ratio P
LDU ? DTU ? CLI ? log(DEN) ? DIA ? log(MDN) ? SEI ? STO ? TTO 15 526.924 23.097 5.188 0.818
DTU ? CLI ? log(DEN) ? DIA ? log(MDN) ? SEI ? STO ? TTO 11 515.756 11.929 2.357 0.798
DTU ? CLI ? DIA ? log(MDN) ? SEI ? STO ? TTO 10 512.659 8.832 2.342 0.673
DTU ? CLI ? DIA ? SEI ? STO ? TTO 9 509.780 5.953 2.246 0.523
DTU ? CLI ? DIA ? STO ? TTO 8 506.975 3.148 2.201 0.333
DTU ? DIA ? STO ? TTO 7 505.040 1.213 1.406 0.235
DTU 1 DIA 1 TTO 6 503.827 – – –
DTU 1 DIA 5 504.124 0.297 2.811 0.094
DIA 4 506.079 2.252 7.182 0.028
Models were selected using the Akaike Information Criterion for small samples (AICc) and a likelihood ratio test based on the log-
likelihood ratio and the number of parameters included in the model (if the P value did not drop significantly by decreasing one
variable, we selected the model with fewer variables). Refer to the ‘‘Methods’’ or Table S1 for the abbreviations of the variables, but
note that CLI refers to the first component of the principal component analysis conducted using all climatic variables (DTS, MWT,
APP, and ASR) and log indicates variables transformed logarithmically. The best-subset models are shown in bold
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Response of native ant communities to Argentine
ant invasion
We recorded 32 native ant species (Table S3). Crema-
togaster scutellaris and Pheidole pallidula were nota-
bly present in cork oak forests, but only P. pallidula
dominated pine forests and shrublands. Tapinoma
nigerrimum, Lasius spp., Formica spp. and Tetramo-
rium spp. were common in disturbed habitats (i.e. dry
cultivated fields and poplar plantations ploughed once
a year). Plagiolepis pygmaea was consistently found
across land-use types and occurred at high occupancy
levels, except in poplar plantations where its occu-
pancy was low. With the spread of the Argentine ant,
most species experienced a general decrease in occu-
pancy (Table S3). P. pallidula was the most affected
one, followed by C. scutellaris in cork oak forests,
Camponotus cruentatus in pine forests, Tetramorium
caespitum in poplar plantations, and Formica gagates
in dry cultivated fields. P. pygmaea and Temnothorax
spp. were able to resist the invasion. The occupancy of
L. humile increased considerable across land-use types,
except in shrublands.
The two-dimensional scaling analysis at the ant
species level accounted for a considerable reduction
in stress (Stress = 0.018). The first dimension sepa-
rated species positively affected by the invasion from
those species negatively affected, while the second
dimension differentiated species inhabiting woodland
habitats from those present in habitats with a high
degree of human disturbance (Fig. 2a). Equivalent
patterns were also identified by the multidimensional
scaling at the land-use level (Stress = 0.048). The
first dimension separated uninvaded from invaded
land uses, while the second dimension differentiated
land uses according to their woody structure and
degree of disturbance (Fig. 2b). It is important to note
that invaded land uses clustered together in relation to
this second dimension, while uninvaded land uses
aligned along the gradient.
Despite the loss of species and altered occupancy
relationships post-invasion, there were no significant
differences between the slopes of abundance–occu-
pancy relationships for uninvaded and invaded areas
(Fig. 3). In terms of the functional groups (Fig. 3),
Cryptic species and Subordinate Camponotini did not
show differences in the occupancy–abundance rela-
tionship between uninvaded and invaded areas, while
the rest of the functional groups did. The non-
significant difference in Cryptic species was due to
Table 2 Statistics derived from the linear mixed model calibrated including all variables together (9-variables model) and each
variable separately (1-variable models) to explain the rate of spread of the Argentine ant
Variables 9-variables model 1-variable model
Estimate ± SE F-test P Estimate ± SE F-test P
LDU 1.331 0.330 0.808 0.550
pf 12.490 ± 22.863 -0.755 ± 10.401
pp -5.889 ± 21.731 -10.471 ± 12.303
sh 8.189 ± 34.423 -13.696 ± 11.166
df 18.205 ± 24.531 2.676 ± 14.125
DTU 0.053 ± 0.091 0.188 0.667 0.059 ± 0.038 2.342 0.134
CLI 7.188 ± 9.058 0.649 0.426 1.804 ± 3.851 0.219 0.642
log(DEN) -1.029 ± 4.667 0.391 0.536 -0.057 ± 3.589 0.000 0.987
DIA 1.083 ± 0.480 9.164 0.005 1.144 ± 0.433 6.974 0.012
log(MDN) -1.243 ± 6.740 0.084 0.774 1.039 ± 4.808 0.047 0.830
SEI -6.569 ± 16.268 0.674 0.417 -13.181 ± 12.970 1.033 0.315
STO -18.771 ± 15.696 0.940 0.339 -13.392 ± 14.473 0.856 0.360
TTO -24.225 ± 15.257 2.521 0.122 -31.286 ± 12.316 6.453 0.015
Refer to the Methods or Table S1 for the abbreviations of the variables, but note that CLI refers to the first component of the principal
component analysis conducted using all climatic variables (DTS, MWT, APP, and ASR) and log indicates variables transformed
logarithmically. The estimate and standard error for the sublevels of the land uses (LDU) categorical variable were not presented
because the variable was non-significant
The spread of the Argentine ant 2405
123
the insensitivity of P. pygmaea to the invasion, which
contrary to most ant species increased in abundance
after the invasion. Opportunists, Cold-climate spe-
cialists and Generalized myrmicinae experienced a
general decrease in both occupancy and abundance
after the invasion, with the Generalized myrmicinae
group showing the largest decline due to the sensitiv-
ity of P. pallidula to the invasion. Only Cold-climate
specialists of the Temnothorax genus showed an
increase of their occupancy–abundance ratio. It was
not possible to examine occupancy–abundance rela-
tionships for Dominant Dolichoderinae and Hot-
climate Specialists groups because of the reduced
number of species included in the analysis (Table S3).
With respect to land-use types, while the abun-
dance–occupancy relationships in cork oak forests
and dry cultivated fields were not significantly
different, the relationship differed in the other land
uses. Results from dry cultivated fields may have
been influenced by the low number of species. These
results were corroborated to some extent by changes
in species turnover. Poplar plantations and shrublands
were the most affected (beta diversity index,
bsim = 0.33 and bsim = 0.27, respectively), whereas
the ant assemblage in dry cultivated fields appeared
to be more robust (bsim = 0). Pine and cork oak
forest presented intermediate values (bsim = 0.14 and
bsim = 0.11, respectively).
Discussion
Factors determining the rate of spread
of the Argentine ant invasion
Contrary to observations of the spread of the
Argentine ant that limit the invasion to riparian
corridors or around human habitations (Carpintero
et al. 2004; Menke et al. 2007; Ward 1987), we found
the invasion well-established within natural habitats
with different vegetation types and degree of human
disturbance. Even though the starting point of the
invasion could have been human-affected areas,
observations during field sampling indicate that the
species is able to spread across various land uses
when the abiotic and biotic conditions are favorable
(de Kock and Giliomee 1989; Krushelnycky et al.
2005; Roura-Pascual et al. 2009; Way et al. 1997).
We did not find a consistent pattern in the spread
of the Argentine ant across land uses, but forests and
dry cultivated fields with a low degree of human
alteration clearly favored the spread of the invasion
more than shrublands and poplar plantations (Fig.
S1). However, results from dry cultivated fields are
from a single site, which might not be representative



















































Fig. 2 Two-dimensional representations of the multidimen-
sional scaling analyses conducted at (a) species and (b) land use
levels, respectively. The land use abbreviations correspond to
cork oak forests (cork), pine forests (pine), poplar plantations
(poplar), shrublands (shrub), and dry cultivated fields (field)
Fig. 3 Graphs showing the species’ occupancy–abundance
relationship (log-transformed) between uninvaded and invaded
areas pooling all transects together (first row), and differenti-
ating among functional groups (left column) and land uses
(right column). Differences between the slopes of the
abundance–occupancy relationship for uninvaded and invaded
areas were measured using a t-test
c
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had to be excluded. The distribution of the Argentine
ant in these three sites presenting a high degree of
human disturbance was limited to the margins of the
fields where human activities permitted the estab-
lishment of the colonies (Bolger 2007). Shrublands
included in our study were close to coastal areas,
characterized by low levels of soil moisture and the
presence of rocky soils, and poplar plantations
subject to seasonal fluctuations as a consequence of
human activities (i.e. field plough). Therefore, the
high variability in the spread of the invasion in
shrublands and poplar plantations could be explained
by the enormous heterogeneity of these habitats at
local scales (Retana and Cerda 2000). In contrast to
Way et al. (1997), we found no differences in the
spread of the Argentine ant between pine and cork
oak forests; rates were similar to the 30 m/year
recorded by these authors in oak forests in Portugal.
However, they were much slower than the 150 m/
year from various areas around the world (Suarez
et al. 2001).
Nevertheless, we have to emphasize that the land-
use type played a minor role in determining the
annual rate of spread of the Argentine ant. Land uses
(LDU) was the first variable excluded from the best-
subset analysis (Table 1). In contrast, distance to
urban areas and the characteristics of the introduced
populations and native communities explained most
of the variance. The relevance of distance to urban
areas in all best-subset models explaining the spread
of the invasion is similar to that found in previous
studies (Carpintero et al. 2004; Espadaler and Gómez
2003). However, the positive effect of distance to
inhabited areas in both full and univariate models
suggests that sites close to populated places will
present a lower rate of spread than more distant sites
(Table 2). This is in contrast with the described
pattern of the species worldwide, where high rates are
expected to occur in areas with a high propagule
pressure favored by human influence (e.g. areas close
to initial sources of introduction, such as human
habitations; Suarez et al. 1998). This counterintuitive
result can be explained by the relative proximity of
all sampled sites to urban areas (between 32 and
436 m, Table S1). The Costa Brava is a highly
humanized region, and the positive effect of distance
to urban areas on the spread of the invasion can be
related to the degree of establishment of the intro-
duced populations. Populations close to urban areas
could be at an initial stage of the invasion, and
therefore spread at a lower rate than well-established
populations of L. humile.
The inclusion of one variable characterizing native
ant communities in one of the best-subset models
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(such as temporal turnover) and his negative effect on
the full and univariate models suggest that interac-
tions with native species could delay the spread of the
invasion to some extent (Tables 1 and 2). The
relatively low rates of spread of the Argentine ant
found in our study compared to other studies (Suarez
et al. 2001) could thus be partly attributable to the
resistance posed by native ants. Fierce interspecific
competition from ant communities in natural envi-
ronments could delay (although not prevent) the
spread of the invasion (Table 2), while highly
disturbed habitats with a disrupted ant community
(i.e. urban environments) would favor it (Carpintero
et al. 2007; Way et al. 1997). However, the most
relevant variable in determining the rate of spread is a
measure related to the characteristics of the invasive
populations: the difference in aggregation of Argen-
tine ants between 2006 and 2005 in invaded areas
(DIA). The inclusion of this variable (related to the
size and structure of already established populations)
in all best-subset models shows that the spread of the
invasion occurs when established colonies reach a
certain critical mass. The importance of the numeric
superiority of workers to explain the spread of the
Argentine ant has been highlighted by Holway
(1999), who suggests that this numerical advantage
is key to the success of the invasion. The most
parsimonious model, however, indicates that differ-
ence in aggregation alone do not explain the rate of
spread of the Argentine ant in the Costa Brava.
Distance to urban areas is also important. Introduced
populations close to populated places but at an initial
stage of the invasion will present a lower rate of
spread than more distant areas with more established
populations, which have the appropriate critical mass
to permit the advancement of the invasion front.
The reasons behind the exclusion of the other
variables from the set of best models (Table 1) are
both ecological and methodological. The exclusion of
the climatic variable (i.e. first component of a
principal component analysis on minimum winter
temperatures, annual solar radiation, annual precipi-
tation and distance to sea) from the best-subset models
was unexpected considering previous studies (Kru-
shelnycky et al. 2005; Menke et al. 2007; Schilman
et al. 2007). Linepithema humile generally copes
better with low temperatures than native ants (Abril
et al. 2007; Jumbam et al. 2008), but the amount of
heat (in degree days) required for an egg of Argentine
ant to develop into an adult (Hartley and Lester 2003)
and the low tolerance of adults to reduced levels of
humidity (Schilman et al. 2007) restricts the expan-
sion of the species to areas with high level of solar
radiation and receiving a certain amount of rainfall
(Heller et al. 2008). The exclusion of this variable
from the best-subset models, however, could be
attributable to the environmental suitability of the
Costa Brava for the Argentine ant (Roura-Pascual
et al. 2009). The study was conducted along a
latitudinal gradient, where the relative proximity to
the sea (\21 km, Table S1) could have smoothed the
climatic variations among the different sampled sites.
On the other hand, the irrelevance of other
variables characterizing native communities (mean
density and Simpson evenness index, and spatial
turnover to a less extent) in explaining the rate of
spread of the species indicates the competitive
superiority of L. humile to the native ants. However,
the insignificant contribution of these variables, as
well as the density of invasive workers per bait, in
determining the annual spread rate could also be due
to the nature of the sampling design. The use of bait
transects restricts the detection of ant diversity
towards diurnal species that are highly effective in
monopolizing non-transportable resources, and there-
fore underestimates the presence and abundance of
the non-diurnal species. The inherent limitation of
using baits transects, however, is compensated by
their easy installation that allows a fast examination
of the invasion across a wide range of habitats (Alder
and Silverman 2004). Overall, our results indicate
that once established in a new area hosting appropri-
ate conditions for its development thanks to human
influences, the resistance posed by native ants is not
an impediment for L. humile to spread and conquer
new territories due to its numeric superiority.
Response of native ant communities to Argentine
ant invasion
The distribution of ant communities found in our
study coincide with previous studies conducted in the
Iberian Peninsula (Cammell et al. 1996; Way et al.
1997), and corroborates the influence of habitat-
related factors (vegetation structure and the degree of
disturbance) in molding the diversity of ant species in
human-dominated landscapes (Gómez et al. 2003).
Native ants segregated spatially according to their
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preference for woodlands (i.e. cork oak and pine
forests, and shrublands) or disturbed habitats (poplar
plantations and dry cultivated fields). At high levels
of disturbance, however, their distribution was lim-
ited to the margins of the habitats where conditions
were more favorable for the establishment of the
colonies (Fig. 2).
With the spread of the Argentine ant, few species
are able to resist the invasion. The most affected
species seem to pertain to the Generalized myrmici-
nae and Opportunist functional groups. In contrast,
Cryptic species and some Cold-climate specialists
(principally species from the genus Temnothorax) do
not decrease but increase their occupancy consider-
ably after the invasion (Table S3). This is especially
true for Temnothorax racovitzae across all land uses,
and P. pygmaea in pine forests and dry cultivated
fields. These species cope well with the invasion
because of their reduced sizes and subordinate nature
(i.e. species with a reduced foraging area, and
exploiting a sub-optimal niche; Carpintero and
Reyes-Lopez 2008; Passera 1994; Retana and Cerda
2000). In fact, Argentine ants might favor them by
reducing their interspecific competition with other
native ants. Overall, the impact of L. humile in native
ant communities is high for dominant species with
similar niche characteristics (such as P. pallidula and
C. scutellaris) and also in more disturbed habitats
with a less structured ant community dominated by
opportunistic species (such as T. caespitum and
F. gagates; Carpintero et al. 2007; Haskins and
Haskins 1988).
As a result of the spread of the Argentine ant
invasion, there is an ongoing process of biotic
homogenization (Olden and Rooney 2006). Native
ant communities become more similar across land
uses following invasion. This is indicated by the
clustering of invaded areas in contrast to uninvaded
areas (Fig. 2), which were aligned along a habitat
gradient. Moreover, the occupancy and abundance of
native ants declined across most land uses after
invasion, although the abundance–occupancy rela-
tionship in cork oak forests did not. This result
contrasts with the above analysis of the annual rate of
spread of the Argentine ant, which indicates no
significant differences in the spread of the invasion
among land uses. The maintenance of the occupancy–
abundance relationship in cork oak forests after the
invasion can be explained by a higher impact of
L. humile in this land-use type, which led to the
disappearance of some native ants that were thus
excluded in the abundance–occupancy relationship of
the invaded area.
Conclusions
Obtaining information on the assemblage of native
ant communities before and after the invasion,
together with the characteristics of the invaded sites,
enabled us to gain unique insights into the relative
roles of abiotic and biotic factors in determining the
spread of the Argentine ant across various land-use
types, and the linkages between factors influencing
both the invasiveness and invasibility of natural
ecosystems. Overall, results indicate that the spread
of the Argentine ant into natural habitats is deter-
mined by proximity to urban areas and biotic
characteristics of the invaded sites, and it is respon-
sible for altering species assemblages and occupancy.
On the other hand, when considering the role of
habitat-related variables in particular, it becomes
evident that variables determining the spread of the
invasion differ to those variables that are greatly
affected by the invasion.
Land uses per se contribute little to the spread of
the invasion, but they indirectly influence the inva-
sive success of L. humile by molding the microcli-
matic conditions of the site and the assemblage of
native ant communities (Andersen 1995; Gómez et al.
2003). Conditions created by land uses may indirectly
facilitate the spread of the Argentine ant, but also
promote the development of well-established ant
communities that pose a higher resistance to the
invasion (Carpintero et al. 2007; Menke et al. 2007;
Retana and Cerda 2000). This finding is extremely
important when investigating the relative roles of
biotic and abiotic factors in determining the distri-
bution of invasive species across spatial scales (Willis
and Whittaker 2002). Habitat-related variables might
not have a direct influence on the spread, but they can
indirectly affect both positively and negatively the
establishment of the species. In this sense, a note of
caution needs to be added when considering the
relevance of habitat variables at local scales. Far from
being a causal factor, habitat-related variables could
simply be correlated with the result of opposite
forces driving the pattern behind observation. To
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disentangle the influence of habitat variable in
determining the distribution of species, it is critical
to consider its multiple, interrelated effects on the
variable of concern and divide the effects of habitat at
the appropriate spatial scale (Olden and Rooney
2006).
Several studies have investigated the spread of
L. humile at local scales, but few have conducted an
analysis across various land-use types. Examining the
spread of the invasion simultaneously in different
environments has proved important to understand the
relative role of biotic and abiotic factors driving
patterns of biological diversity and composition, and
the biotic homogenization process following species
invasion (Retana and Cerda 2000). However, it
remains to be tested whether these distribution
patterns are exclusively regulated by biotic and
abiotic factors (as shown herein), or can also by
density-dependent processes conditioning the growth
of Argentine ants once the population has reached a
certain density (Haskins and Haskins 1988). Studies
such as this are crucial for estimating the spread of
invasive species, but also for predicting areas
susceptible to invasion (i.e. the understanding of the
invasiveness–invasibility relationship).
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Casellas D, Gómez C, Clavero M (2009) Comparing methods
of evaluating the spread of Argentine ants in natural
habitats: pitfall traps vs. baiting. Sociobiology 53:927–
938
Cerda X, Retana J, Cros S (1997) Thermal disruption of tran-
sitive hierarchies in Mediterranean ant communities. J
Anim Ecol 66:363–374
de Kock AE, Giliomee JH (1989) A survey of the Argentine
ant Iridomyrmex humilis Mayr Hymenoptera Formicidae
in South African Fynbos. J Entomol Soc S Afr 52:157–
164
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